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Two-dimensional topological insulators of Pb/Sb
honeycombs on a Ge(111) semiconductor surface

Zhaoxia Pang, Xinlian Chen, Miaojuan Ren and Ping Li*

Based on first-principles hybrid functional calculations, we demonstrate the formation of two-dimensional

(2D) topological insulators (Tls) of Pb/Sb honeycombs on Ge(111) semiconductor surface. We show that 1/3
Cl-covered Ge(111) surface offers an ideal template for metal deposition. When Pb and Sb atoms are
deposited on Cl-Ge(111) surface, they spontaneously form a hexagonal lattice (Pb/Sb@Cl-Ge(111)). The
Pb/Sb@Cl-Ge(111) exhibits a 2D Tl state with large bulk gap of 0.27 eV for Pb@Cl-Ge(111) and 0.81 eV
for Sb@Cl-Ge(111). The mechanism of 2D TI state is the substrate orbital-filtering effect that effectively
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removes the p, bands of Pb(Sb) away from the Fermi level, leaving behind only the p, and p, orbitals at

the Fermi level. Our findings pave another way for future design of 2D topological insulators on
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| Introduction

In the last decade, two-dimensional (2D) topological insulators
(TIs), known as quantum spin hall insulators (QSHs), have
attracted considerable attention.'? 2D TIs exhibit novel elec-
tronic properties with topologically protected helical metallic
surface or spin-polarized gapless edge states while maintaining
an insulating bulk gap, and offer an exciting new realm of
electronic/spintronic applications and quantum computing
devices*® in the future. Recently, some studies have largely
enriched the family of 2D TIs, beyond graphene.®” The pre-
dicted 2D TIs include Bi/Sb films,*® Sn films," silicene/germa-
nene,"™* SiTe films," transition metal dichalcogenides™ and
2D organometallic frameworks.'*® Usually, these 2D TIs are
considered in a free-standing form to support their exotic
electronic properties. However, the free-standing 2D TIs often
need to be transferred to a substrate for measurement or for
making a device. When these freestanding films are placed on
a foreign substrate, the interaction between the films and the
substrates can change the electronic structures and topological
properties of the films. Some experimental studies have grown
bismuth'” on various substrates, and pointed out that the
freestanding films' properties are expected to be influenced by
the underlying substrate in real applications.™ So, the interac-
tion between films and substrates need more study on theo-
retically. In addition to, 2D TIs grown on a substrate or formed
as an interface are so far limited to quantum well systems*?*"
with small bands gap, and do not exhibit quantum spin Hall
(QSH) state at room temperature. These considerations make it
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conventional semiconductor surface, which promotes the application of 2D Tls in spintronics and
quantum computing devices at room-temperature.

clear that there is great need to search for new 2D TI systems,
which not only host large band gaps, but also maintain their
topological properties on suitable semiconducting substrates at
room temperature.

Recently, it has been theoretically proposed that 2D TIs can
effectively form on a semiconductor substrate,**> where 2D
overlayers are atomically bonded to the underlying substrate
and have QSH state at room temperature. Studies show that it is
the substrate that stabilizes the overlayer, and makes the over-
layer to generate the QSH state by acting as an orbital filter to
critically select the orbital composition around the Fermi level.

2D TIs maintaining their topological properties at room
temperature must have large band gap. One approach
increasing the band gaps of TIs is to use heavy elements with
the strong spin orbit coupling (SOC) effects. At present, group IV
(Si, Ge, Sn, Pb) and group V (As, Sb, Bi) with chemical func-
tionalization have been demonstrated to possess topological
properties.”**” However, these 2D TIs are in a free-standing
form. There are few studies on the effects of Pb and Sb on
substrates. Specifically, in 2017, bismuthene with 0.8 eV band
gap has been successfully prepared on the SiC(0001) surface by
J. Schifer in experiment using molecular beam epitaxy.” This
study motivate us to think that the preparation of Pb and Sb on
Ge(111) surface may be possible and Pb and Sb at Ge(111)
surface may be topological insulators.

In this study, we devise the model of Pb(Sb) honeycombs on
a 1/3 Cl-covered Ge(111) surface, and employed first-principles
calculations to study the interaction between Pb(Sb) overlayers
and Ge(111) substrates. Our studies show that a 1/3 Cl-covered
Ge(111) surface offers an ideal template for metal deposition,
which spontaneously forms a hexagonal lattice with high ther-
modynamic stability, and Pb(Sb) on Ge(111) surface exhibit a 2D
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TI state with a large band gap of 0.27 eV for Pb on Ge(111) and
0.81 eV for Sb on Ge(111). In order to verify topological prop-
erties of the structures, we investigate the electronic structures
of Pb(Sb) on a Ge(111) surface. Research results show that
Ge(111) substrate act as an orbital filter to critically select the
orbital composition around the Fermi level, leading to Pb and
Sb overlayers become topological insulators. Our results point
out another route, by choosing appropriate overlayer and
substrate, to generate and protect the topological phase of heavy
elements.

I Methods

The six layers of /3 x /3 phase semiconductor Ge(111) surface
was structured. The dangling bonds of the bottom structure are
passivated by H to avoid surface reconstruction. The top surface
of the structure is firstly covered by 1/3 Cl forming into
patterned Ge(111) surface. When 2/3 TM (Sb and Pb) deposite
on a Cl-Ge(111) surface, they will self-assemble into a hexagonal
lattice, as shown in Fig. 1.

We have performed the first-principles density functional
theory (DFT) to calculate the band structures of 2D hexagonal
lattices of Sb and Pb atoms grown on a patterned Cl-saturated
Ge(111) surface (metal@Cl-Ge). In order to compare with the
band structures by standard DFT, we perform a hybrid function,
Heyd-Scuseria-Ernzerhof (HSE),* as implemented in the Vienna
Ab-initio Simulation Package(VASP),* to investigate the elec-
tronic structures of metal@Cl-Ge. The kinetic cutoff energy is
set at 400 eV. Brillouin-zone integration is carried outata9 x 9
x 1 K-grid. The symmetry unrestricted optimizations for
geometry are performed using the conjugate gradient scheme
until the maximum force is smaller than 0.02 eV A~ The self-
consistency criteria for electronic structure calculations, with or
without spin-orbit coupling (SOC), are sat at 10 ° eV. The
vacuum of at least 20 A is included in the Z direction to avoid
the interaction between layers.

Il Results and discussion

After optimization, we find a very strong binding between the
deposited metal atoms and the exposed Ge atoms in the Cl-
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Fig.1 Structures of Pb (Sb) deposited on Ge(111) surface. (a) Top view.
(b) Side view.
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Ge(111) surface, as evidenced by the calculated adsorption
length of 2.79 A and 2.62 A for Pb@Cl-Ge(111) and Sb@Cl-
Ge(111), respectively. The high structural stability is verified by
the formation energy defined as E.q = [Em@ci-ge(111) — 2Em —
Eci-ge(111))/2, where Eygci-ge(111) denotes the energy of metal @
Ge(111) surfaces, Ey; denotes the energy of a single metal atom,
and Ecigen11) denotes the energy of a Cl-Ge(111) surface
without metal. The adsorption energies are found to be 2.94 eV,
2.57 €V for Pb, Sb, respectively, indicating the high thermody-
namic stability of the systems.

To examine the band topology of metal@Cl-Ge(111) surface,
the band structures are discussed without SOC and with SOC by
the standard DFT method, and with SOC by HSE, as shown in
Fig. 2. For Pb@Cl-Ge(111) surface, in the absence of SOC
(Fig. 2(a)), we can see there are two Dirac bands residing inside
the bulk gap of Ge with a Dirac point at point K, which locates
~0.85 eV above the Fermi level. Analysis of band composition
further show that the two Dirac bands consist of p, and p,
orbitals of Pb atoms, and the upper Dirac band overlaps with
the conduction bands of Ge. When the effect of SOC is taken
into consideration (Fig. 2(b)), we find that two Dirac bands are
split apart by SOC, and the upper branch of Dirac bands moving
completely into the Ge conduction bands with one energy gap of
~0.41 eV at K point. The energy of the lower branch of Dirac
bands at K point is higher than the energy of Ge conduction
bands minimum at I' point. The Fermi level is through the
lower branch of Dirac bands, so the Pb@Cl-Ge(111) is clearly
a metal. Because the standard DFT is known to underestimate
band gap, we used a hybrid functional (HSE) to calculate the
band structure of metal @Cl-Ge(111) again, shown in Fig. 2(c)
and (f). Comparing the band structures using the standard DFT
method (shown in Fig. 2(b)), one sees that the bulk band gap of
Ge is larger, which is about 0.81 eV at I" point, being in a very
good agreement with the experimental value 0.8 eV. The lower
branch of Dirac bands of Pb is still inside the bulk gap of Ge,
0.27 eV lower than Ge conduction bands minimum at I" point.

For Sb@Cl-Ge(111) surface, the band structures without
SOC and with SOC are shown in Fig. 2(d)—(f). There are two
Dirac bands residing inside the bulk gap of Ge and a Dirac point
at K point, which locates nearby the Fermi level without SOC.
Over against the band structures without SOC, SOC induces two
Dirac bands to split apart. The energy gap is about 0.32 eV at
point K, and the global gap is 0.23 eV at I' point. When we
calculate the band structures by HSE, the energy gap is about
1.56 eV at point K, and the global gap is 0.81 eV at I" point.

The SOC-induced gap opening at Dirac point indicates that
Pb and Sb @CIl-Ge(111) may be a promising 2D TI material for
practical applications in electronics and spintronics. To check
this, we calculate the topological edge state by the Wannier90
package,®*® as shown in Fig. 3. Using DFT bands as input, we
construct Hamiltonian with these functions. Fig. 3(a) (for Pb)
and Fig. 3(c) (for Sb) show the fitting of tight-binding band
structures around the Fermi level using the Wannier90 package
to the HSE band structures for Pb@Cl-Ge(111) and the standard
DFT band structures for Sb@Cl-Ge(111), which is in a very good
agreement. Then the edge Green's functions*** of a semi-
infinite Pb (Sb) @Cl-Ge(111) are constructed, as shown in

This journal is © The Royal Society of Chemistry 2018
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Fig.2 Band structures of Pb and Sb@Cl-Ge(111) surface. (a) and (d) without SOC by DFT, (b) and (e) with SOC by DFT, (c) and (f) with SOC by HSE.

The Fermi level is set at zero. Band compositions are also indicated.

Fig. 3(b) and (d). From Fig. 3(b) and (d), we can see the gapless
edge states that connect the upper and lower band edge of the
bulk gap, forming a 1D Dirac cone at point M. Besides, the
counter-propagating edge states exhibit opposite spin polari-
zations, in accordance with the spin-momentum locking of 1D
helical electron. These indicate that the Pb (Sb) @Cl-Ge(111) is
2D TIs with a band gap of 0.27 eV for Pb @Cl-Ge(111) and
0.81 eV for Sb @CIl-Ge(111).

In the Pb/Sb@CI-Ge(111), as the spatial inversion symmetry
is absent, we can calculate topological Z, invariant by Wilson
loop methods base on the U(2N) non-Abelian Berry connection
by Yu et al.*® to prove the system is a promising 2D TI. In this
method, each state of nth occupied band is indexed by |n,k,,k,),
and a square matrix F(kk,) containing the overlap integrals
[Flkxsk)mn = (|m,ky iyky| Ky i11,ky) is defined. The complex unitary

Ne—1
square matrix is calculated by D(k,) = H F(jAky, ky). Complex
j=0

is the

2
eigenvalues A(k,) have phase angle 6. Here Ak, = NTE

xa
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discrete spacing of N, points along k, direction. The Z, invariant
can be obtained by counting the even or odd number of cross-
ings of any arbitrary horizontal reference line. The calculated
Wannier function centers evolution of Pb/Sb@CI-Ge(111) is
shown in Fig. 4. It can be seen that the Wannier function
centers evolution curves cross any arbitrary reference lines odd
times, thus indicating Z, = 1.

To understand the physical mechanism of 2D TI states, we
analyzed the partial density of states (DOS) around the Fermi
level and the charge density redistribution induced by Pb atom
surface adsorption for Pb@Cl-Ge(111) system, as shown in
Fig. 5. From Fig. 5(a), we can see that the Dirac bands mainly
consist of p, and p,, orbitals of Pb, with little contribution from
the p, orbital of Pb and Ge orbitals. The p, orbital of Pb
hybridizes strongly with the sp® dangling bond of the exposed
surface Ge atom overlapping in the same energy range. From
the charge density redistribution (shown in Fig. 5(b)), it clearly
shows charge redistribution induced by Ge surface mainly
happens to the p, orbital of Pb. This is substrate orbital-filtering

RSC Adv., 2018, 8, 34999-35004 | 35001
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Fig. 3 Electronic structures of Pb (Sb) @Cl-Ge(111) and their edge states. (a) Comparison of band structures for Pb @Cl-Ge(111) calculated by
HSE (red lines) with SOC and Wannier function method (blue dashes). (c) Comparison of band structures for Sb @Cl-Ge(111) calculated by DFT
with SOC (red lines) and Wannier function method (blue dashes). (b and d) The Dirac edge states and edge spin polarization for Pb (Sb) @Cl-

Ge(111) within the SOC-induced band gap, respectively.
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Fig. 5 Density of states and the charge density redistribution of Pb@Cl-Ge(111). (a) The partial DOS projected onto px, py, and pz orbitals of Pb,
and the total DOS of neighboring Ge atom. (b) The charge density redistribution induced by Pb atom surface adsorption for Pb@Cl-Ge(111)

(isovalue = 0.02 e A79).

mechanism proposed by Zhou* that the Ge substrate effectively
removes the p, bands of Pb, leaving behind only the p, and p,
orbitals at the Fermi level. This mechanism is the key to
producing 2D TI states according to a four-band model of
topological phase in a hexagonal lattice.**

IV  Conclusion

Based on hybrid function HSE calculations, we predict substrate
supported two quantum spin Hall insulators with extraordi-
narily large bulk gap of 0.27 eV for Pb@Cl-Ge(111) and 0.81 eV
for Sb@Cl-Ge(111). The intrinsic QSH states in Pb(Sb)@Cl-
Ge(111) are determined by Z, invariant and the presence of
helical edge states. The substrate orbital-filtering mechanism
could be used to understand the mechanism of topological
properties of Pb(Sb)@Cl-Ge(111). Our results point out a new
materials platforms (TM @Cl-Ge(111)) to protect the topolog-
ical phase of heavy elements at room-temperature in spintronic
applications.
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